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SPECTROSCOPIC MEASUREME!iTS ON AN H- ION SOURCL DISCHARGL*

Roderich Keller+ and H. Vernon Smith, Jr., AT-2, MS HB18
Los Alamo$ National Laboratory, Los Alamos, NOW Mexico 137545 uSA

Sutm ry

Spectrdl ●mission lines from an H- Penning surface-
plasma source (SPS), the 4X source, are ●xamined tn the
vlslble and near ultraviolet. [lectron distribution
temperatures are deduced from Integral line-strength
measurements. These temperatures are surprisingly
low, about 0.5 ●V. Electron density values of about
1.5 x 1014 cm-3 and H-atom ●nergies between 2 and 2.b ●V
are determined from the measured Balmer-l\ne profiles.
Assuming the H- energy Is Identlchl to the H-atom
energy, an ●mittance limit of 0.00b -.cm.mrad Is de-
duced for this source with a 5.4-men apertl~re,

Introduction

The SPS provides bright H- beams for accelerator
applications.1 Not much ts known about the pldsma pa-
rarnetets of the source, but such lnfomatton may prove
suite valuable in theoretical modellng and in under-
standing the performance ltmlts. The primary aln, of
our experiment is to use quantitative plasma spectros-
copy to determine the transverse H- ion energy that,
along with the aperture size, sets a lower Itmit for
the source emlttance. Our expertrnental techniques and
interpretation of the measurements follow standard pro-
cedures described in textbooks .J,o Hydrogen-atom ●n-
ergles are detertntned from the Poppler broadening of
the Hm llnewldth, and ●lectron densltlrs from the Stark
broadening of the Ho and HA llnewidths. [lectron dls-
trllzutlon temperatures are calculated from the lnten-
s~ty ratios of molybdenum, cesium, and hydrogen llnes,
A more detailed description of the expel’trnental aPPa-
ratus, measured data, and derlv?d quantities IS gtven
elsewhere, t

[x~er!mental-~paratus and Method

The 4X source is a Penning SPS, described In detail
elsewhere. ~ Ftgure 1 shows the experimental setup.
The plasma column IS observed side-on through the
4,h-mn-d\am Ion extraction aperture. lhe emitted llght
passes through a quartz vacuum window and Is Imaged
with slight demaynlficatlon onto the fiwnochromator en
trance sl~t. The lens transmission Is $ufftc lent for
wavelengths down to 350 nm The monochrontator sllt~
are perpendicular to the tource magnet: field axis,
lhe .,-nsitivity of the whole syslem, l,, iudll!g the plsu
tomultlpller, Is calibrated by measurtng the known
spectral emission of a 1OO-M tungsten/halogen lamp.

Line profiles are wasured at ?O-pm $Ilt wldth$
wher? the ,m!asured Instrument profile 1s Gauss Ian, with
a full half ..wlctth of 0.011 nm. All measurements are
tlrne-resolved but are averaged over 10-/0 d!scharge
pulses, and high-frequency osclllat!ons are smoothed
Outt lnt~restlngly enough, @ven for qu!escent dls
chargu conditions (H- current signal nois~ Iev@l
about 1% for 50-MHz bandwidth), the Integral lln~
int?nslty signal! show !troog osr!llatlon~: *70% for

‘? ‘
f.70% tor C} 11, and tlO% for tfo I at l-MHz band

w dth (the Cs II signal !s shown in Fig, 2b).
For all examined discharge condltlons, the lon

current del~vered by the source \s measured with n
taraday CUD inserted 5 cm from the source, Ourlng the
spectrosccp!c measurements, the cup Is removed and no

.- .-..
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T!qur, 7 O$r!lloqrgm! for Condlt!on Ill, of lb) dlithsrqc voltaqe tin

extraction voltaq~ Is appl led, tour d!ffersnt dl}
charge conditions are tnvestlgat?d: a noisy mode (1)
w~th 300 V and B(J A, yieldlng 90 M of H- tons al
29 kV, wtth 1.5-ms Pulie width at 5-HI ropetltlon rate;
4 !ow.voltage mode (11) w!th 130 V, :00 A, and 1,7 ml,
y!~ldlng 100MA of H“ at ?9 kV; a qule~conl mod~ (Ill)
with 480 V, 55 A, I.?ms, and bO mA of H- at 21 kV;
and, last, a dc mode (IV) at much reduced ln~taptanp
ous power with 210 V and l,Ob A, yleldlnu about 1 MA
of H- Ion curr?nt at 5 kV.
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Cblculatlon of Plasma ~~rarnters

For lines of one Ionlzatlon state of an element,
the ●lectron te~erature of the plasma Is determined
from the intensity ratio by using the formula
kle - (Ej-[ )/in [(A g4hIIIKI)/(A\9 A IjK )1. Witfi.l
the llne em~tted fr~ ~n upper love{ #f h{gher ●xctta-
tlon ●nergy E than line i; A the transition probabll-
Itles; g the statistical weights; h the wavelengths; I
the recorded Integral Intensltles; and K the cal!bra-
tlon factors. A true electron te~erature ts repre-
sented by kl only tn the case of local thermodynami-

!cal equ!llbr urn (LTE). If LTf cannot be verified,
there may be different kT values, depending on the

!energy values of the leve s involved, and kl@ then
means the distrtbutlon t~erature.

The erni>s!on lines used in cferivlng the source
plascws parameters are listed in Table 1. Wavelengths,
statistical uetght$, and level ●nergies are taken from
the tables tn Refs. 6 and 7. Transl’.ion probabilities
are found tn a recent review” and monographs for molyb-
denum and for cestum. io NO transltton probabllitie;
for singly Ionized cesium are available; therefore,
llfet!kl datail of eactted Cs II levels are used, and
the transition orobabillt:es of th? Cs Ion lines are
assumed to be one-tenth of the tnverse lifetimes of
the radlatlng levels.

Ha
He
HA
Cs I
Cs I
Cs :
Cs 1
Cs 1
Ho !
Ho 1
Mo 1
Mo I
Ho I
Ho I

TABLL 1
DATA OF St’ECTRAL LINES

USED lLI DERIVE PLASMA PARAMtlERS

L( nn!)——

656.20
4BL.13
410.17
455.53
672.33
120,00
4b0.30
522 70
379,B3
306.41
390.30
50b.25
51b.78
525,90

E(eV)

12.09
12.75
13.22

2,72
3.23
3.51

lb,Ol
15.60

3.26
320
3.17
5.03
5.DB
4 94

A.g(lOBs-l)

4,79
1,43
0389
0.0059
0.213
0.491
b,6a
z,~a

b.09
4,51
3.25
0?13
0.b4
0.14

.—
~lransltlorl probatrtllty
as discussed In th~ tex’
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a Fin? .structur~

carrectlon curve 1s calcu ated follow!ng the proc~dur~
mwntloned In R~f, 12, consldor!ng all t~ven subl~v~l
posltlons, The Iln?-ltrurture correction !s negllglbl~
for th~ other Balmarsertes proftl~$.

10 separat~ Stark a,~d Doppl@r broadening, a g~n~ral
tendency can bt explotted: Dopplur broadening ~calo%
proportionally tu the wavelength of ~h? nbterved l!n~:’
~hut, Ha thows the Iarqett Dopblsr broadanlnc! ●lfect of
~hc lln~t w ekamlnt. Stark brokdentn~ 1} Iarw@r for Ho
and H4 thnn for Ha and Hf. lhercfore, Ma and H ar-

JFetter suited for atomic tetfip~reture d?t?rmlnatl n$.
and HB and H3 are better for c)ertron d?n$lty
maa}uremants,

For detertntnlr,g !he H-atom ternfs~rn!u;e, w us? only
the Ha llnewld?h bocauso ‘!l Stark broall@n~ng paranw
tori are publl Yed in R-f,

\i
? down to @l@ctron d?ntltlct

of Only 1 x 10 5 ‘m-s. Chtrapolatlon of the tabulat?d
values to 1 n 11)1 cm”~ could lead to larg~ ● rrors in
thw valuw derived ior the Uofrplcr w!dth b?rau~c thp

●xtrapolated values of the Hy Stark and Doppler wlcfths
are roughly equal. Exawles of the masured profiles of
He and HA, together with ideal Gaussian or Lorentzlan
profiles of ●qual half-width, are shown in Fig. 3.
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The actual defoldlcg procedure uses the tabulateo
Votgt function parameter>, t Knowing the total width
and the width of either a Gauss Ian or a Lorentzlln
profile, one can irmned!~tely look up the width o’ the
other profile, Hydrogen Stark prcflles have nearly
Lorentz!an shapes, whereas Doppl~r - and instrument
broadening ●ffects produce Gall~sian shapes. ThP tn
$trument prof!le half -w!dth IS subtracted from the
Ooopler-broadening half-width by assuming they ~dd
quadratically, Mea>ured llne widths, derlve~ el~~
tron den$ltles, H atom energies, and electron dlt
trlbut loo temperatures are ~hown In lable Il.

lABLI II
DIRIVlll PLASMA PARAMlll$t5

()!fchorge mod~n 1 II III
Hm measured full O.ol?!l 0.082$ 0. Ueoo

half-width, nm
HB ~asur-rl full 0,083 0.097!1 00910

half width, nm
llectron den~.l!v, l.oe 1,?9 I,bb

1014 cm 3
M atom energy, ●V Lo lb 2.3
ll~ctron d{>trlbull)n

temperature}, CV
krom MO I o 49 0 ‘)() 05!1
Irom Cl 1 O,jo
From C\ II 0./;’ 0.9:1 O.li’
FrornH 1 033r

aDl~chargr rnod~: se? trlrt,

Iv
0.0350

0.037!)

O,zb

0.?1

1,02
O?lf
0.:!!)



their average. even though the pulsed discharge Condi-
tions 1-111 are considerably different, and are always
considerably lowr than the H-atom ●nergtes (except
for the dc case). Plasma turbulence effects may cause
these htgher H-atom energl. i. Strong oscillations of
the line intensity signals. ●ven with quiescent dis-
charge voltage and current signals (Fig. ?), support
this view. The ~st likely explanation for the slg-
n!ficant deviations between the electron t~eratures
derived from different atom or Ion species 1s that the
electron energy dlstrlbut!olls arc non+axwlltan. The
small size of the variations of the derived electron
density values Is also surprising because the dis-
charge currents vary by UP to a factor of 3.3 for
Conditions 1-111. This unexpected behav!or WY be
largely due to the fact that the wasurefments are per-
formd integrating over the spat!al depth of the dl~
charge (Fig. 1) and smoothing out all time-dependent
vhrlations with lrequenctes higher than 10 kHz.

To ●valuate part!cle density rattos, th~ LTL state
must be conflrmad. Applying Saha’s equation> to ceslum
at the measured electron temperature (0.55 eV) and
density for discharge Condition III, we get an ex-
pected Cs+/CsO density ratto of b.b x 103. However,
the Boltzman formula with 0.55-eV ●lectron tarxperature
requires a Cs+/CsO denstty ratio lob times larger
than the Saha result to explaln the CsI1/CsI (k = 4b0
and 455 nm) line Intensity ratio An assumed tempera
ture of 0.93 eV would yield equal values of the
CS+/CSO ratio for the Saha and kioltzman calculatlor,s,
but all electron temperature nwasurements for Condl
tlon III show stgniflcantly lower values. . Thui, th?
conclusion 1s that the plasms IS not In the LTE stat?,
and probably a second pop~latlon of ●lectrons wtth
higher energtes than those corresponding to a Maxwell
lan dlstrlbutlon for 0,55-eV temperature causes the
disagreement. 1,1 th!s ,ltuatlcfn, it is not ju~tlf led
to der!ve quantitative part!cled?nsity ratios for
the source discharge plasma.

A calculation 01 the relaxation t!mc for the en
~rgy ex hanqe b?twcen tlatoms and tf- ions y!eld about

$’1 x 10- s, assuming an atom den$lty of I x I
?

11 CM-3

anrf a colllsion rross section of 5 x 10- 5 cmz
(Ref. 13), The corr?spondlng mean free path 1s 0,2 cm,
about ten t!raat less than the >ource discharge-chcmb?r
dlmenslons, which supports our assumption that the H-
Ions have the sam? energ!es as the H atoms.

}or a Manwll!an Ion dlstr!butlon of energy kl,
the emlttance versus beam fractton for a ctrcular ap-
erture has been calculated.’d

radius i~;;;?;;:~Y;$;~’::::P?s

cmlttance is given by Cx
Is the aperturp Ihls rms
emit!ance lncludcs 39% of th? beam particles,
lable Ill glv?s the emlttanc~ values for @ach of th~
four dtschargr condltlon~, using th~ Hatom erwrgy
values of Tahl@ II for th~ H tof~ en?rgy and
R- 0.21 cm. The brightne$} B !$ calculated from
el- 21./(.i CXt ), u~tng th? total measured H- current
1, rFor compa l}on with th~s~ calculat~d valu~$, th~
measured valu~$~ for Condltlon< 1, 11, and Ill ar~
also given In th~ last four l~n-$ of Iabl@ Ill.

lAB1l Ill
EMIIIANCI, CURRINI, ANU 14RIGH1NI!,5 VAIUI$

I)licharg? Mode I II Ill Iv
tN,y(-.cm.mract)a 0,00b7 0,0011 0,00b1 0,00?3

I (fnA)b 90
B(A/cm2*mrnd2)8 4flo
rx(w.cm.mrad) 0.0
cy(~.rm.mrad) 0.0
1 (mA) 110
El(A/cm2*mrad2) r?

a(.alculatwf
b~-asured

I 00 bO 1
410 71Ll 39

I 0,07? 0!011
H 0,023 0,017

I 00 b)
40 103

The masured emlttances for the ●xamined beams ●re
considerably larger than the amlttancos calculated
using the H-atom energies; therefore, e!tlsor tho H-
Ion enargles are much higher than the H-atom ●nergies
or other ●ffects contribute significantly to the was-
ured ofoittances. These possible sources of amlttance
IncluSe aberrations in the ●xtractlon systea, magnettc
dispersion of the H- Ions, increase in the tl,ae-
averaged efxlttance caused by perveance fluctuations
tn the extraction gap, or nonllnear space-charge c~-
ponsatlon ●ffects. Thus. it may be possible to reduce
the emlttance and increase the brightness of the
source by reducing or ●llminattng one or more of these
other effmcts.

!oncluston~

The plasm parameters of the pulsed discharge in
the 4X source are H-atom energy, 2-2.b W; electron
density, 1-1.1 x 1014 cm-3; and ●lectron t~erature,
-0.5 eV. If, as seems llkely, the vrlue of the H-
●nergy is equal to the H-atom energy, the lower ltmlt
for th~ 4X source’s pulsed H- beam emittance !s
0.00b r.cm.mrad for a 0.54-cm aperture,
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